diabetes are the more easily understood, and they are Conclusions. These results suggest that the presence of an supported by wide experimental evidence [10] [11] [12] . Howabnormal extracellular matrix could stimulate endothelin synthesis by human endothelial cells, through integrin activation.
ever, most authors agree that the pathogenesis of endothelial dysfunction is a multifactorial phenomenon, and alternative pathways are being explored. For example, The role of endothelial dysfunction in the pathogenereactive oxygen species (ROS) seem to be one of these sis of tissue damage in several vascular diseases, includpathogenic factors [13] [14] [15] . ing hypertension, atherosclerosis or diabetes has been
The present experiments analyzed alternative mechanisms in the genesis of endothelial dysfunction. Our hypothesis was based in two major facts. First, damaged the extracellular matrix is one of the main determinants of cell phenotypic expression, and contact of cells with Cell culture on cell behavior [18] [19] [20] [21] .
Human endothelial cells from umbilical vein (HUVEC) Extracellular matrix proteins interact with cells were obtained and cultured as described previously [25] . through transmembrane heterodimeric proteins named Cells were seeded on dishes coated with gelatin 0.2% at integrins [22, 23] . They are formed by two subunits, alpha 37ЊC in a humidified atmosphere of 95ЊC air and 5% and beta chains, which depend on the cell type [24] . As CO 2 . Individual clones were established and subcloned a consequence of the interaction, intracellular kinases to obtain pure cell populations. Clones were characterare activated and a complex intracellular response develized by their typical cobblestone morphology, by the presence of factor VIII-related antigen and by the uniops, inducing profound changes in cell function. The best form uptake of fluorescent acetylated low-density lipoknown kinases involved in cell responses after a matrix protein (LDL), as described [25] . Cells were fed every to cell interaction include a group of tyrosine kinases, two days with M-199 medium supplemented with 20% such as focal adhesion kinase (FAK) [22, 24] .
FCS, 100 U/mL penicillin, 100 g/mL streptomycin, 2 Taking this information into account, we tested the mmol/L l-glutamine, 20 mmol/L HEPES and 300 g/mL hypothesis that the presence of increased amounts of EGF. Cells were passaged every five to seven days with abnormal ECM proteins in vessel walls could induce phetrypsin-EDTA and grown on collagen type IV and collanotypic changes in endothelial cells with the subsequent gen type I coated culture plates (12.5 g/mL), as demodifications in the patterns of local synthesis of bioactive scribed (two-dimensional cultures) [26] , as well as on mediators, that is, endothelial dysfunction and the maintegelatin for control purposes. Studies were routinely pernance of vascular injury. In a more strict sense, we were formed on confluent monolayers five to seven days after concerned about the possibility that endothelin synthesis passage, at passages 2 to 4. Toxicity was evaluated in any by endothelial cells could change in presence of collagen experimental condition by the trypan blue dye exclusion I, and so we wanted to determine the possible mechanisms method. involved. As an in vitro experimental approach, human umbilical vein endothelial cells (HUVEC) grown on collaAnalysis of mRNA expression gen I and collagen IV coated dishes were used.
Total cellular RNA was isolated by the guanidinium lysis method in confluent monolayers of HUVEC grown on both collagen types, after 24 hours of serum depriva-METHODS tion under different experimental conditions [27] . For Materials Northern analysis, 10 g samples of RNA were subjected Collagen types I and IV, endothelial cell growth factor to electrophoresis in 1% agarose gels containing 0.66 (EGF), salmon sperm DNA, formaldehyde, guanidinium mol/L formaldehyde and transferred to nylon filters as thiocyanate, formamide, genistein, actinomycin D, endodescribed [27] . Filters were dried at 80ЊC for two hours thelin-1 (ET-1) and herbimycin were purchased from and UV cross-linked. Filters were blocked by incubation in a prehybridization solution [50% formamide, 5 ϫ DenFluka-Sigma (St. Louis, MO, USA). M-199 medium, fehardt's solution, 5 ϫ sodium chloride sodium phosphate tal calf serum (FCS), trypsin-ethylenediaminetetraacetic EDTA (SSPE), 0.5% sodium dodecyl sulfate (SDS) and acid (trypsin-EDTA; 0.02%), l-glutamine, HEPES and 100 to 200 g salmon sperm DNA solution] at 42ЊC for penicillin-streptomycin were obtained from BioWhitthree hours and probed overnight at 42ЊC with 32 P-labeled taker (Walkersville, MD, USA). Culture plates were human preproendothelin-1 (1.2 kb fragment; ATCC, from Nunc (Kamstrup, Denmark). The random prime Rockville, MD, USA) cDNA probe. Filters then were labeling system (Rediprime II), nylon filters (Hybond N), washed in medium stringency conditions [0.2 ϫ standard and deoxy-[ 32 P] cytidine triphosphate were purchased sodium citrate (SSC), 0.5% SDS, 30 min at 45ЊC], and from Amersham Pharmacia Biotech (Buckinghamshire, then, exposed to X-OMAT film. Autoradiographs were UK). Endothelin-1 ELISA was from Promega (Ref.
performed at Ϫ80ЊC using intensifying screens and were G-1250; Madison, WI, USA). X-OMAT films were from developed after 24 hours. Filters were stripped by boiling Kodak (Rochester, NY, USA). The bicinchoninic acid in 0.1% SDS solution and reprobed with glyceraldehyde-(BCA) assay kit was from Pierce (Rockford, IL, USA).
3-phosphate dehydrogenase (GAPDH) or 28S cDNA Human prepro-endothelin-1 cDNA probe was supplied probe, in order to obtain a housekeeping control for both by American Type Culture Collection (Rockville, MD, load and specificity of gene expression. Levels of prepro-USA). D6Y peptide (Asp-Gly-Gly-Arg-Tyr-Tyr) was endothelin-1 (prepro-ET-1) mRNA were normalized ussupplied by Neosystem (Strasbourg, France). Specific ing GAPDH or 28S expression. The densitometric analyantibodies against ␣ 1 , ␣ 2 , ␣ 3 and ␤ 1 integrins were prosis of the films was performed with an Apple scanner vided by F. Sanchez Madrid (Dept. of Immunology, Hosand appropriate software (NIH image from the National Institutes of Health). pital de la Princesa, Madrid, Spain).
Measurement of endothelin-1 in incubation media
Confluent monolayers of HUVEC cultured on collagen type IV (Col IV) and collagen type I (Col I) were maintained in serum-free medium for 24 hours under different experimental conditions. After this period, supernatants were collected, lyophilized, and stored at Ϫ70ЊC. Endothelin-1 (ET-1) was measured by ELISA. The intracellular endothelin content was checked by scraping the cells after 24 hours of serum deprivation. Suspensions were sonicated and processed as cellular supernatants.
Statistical methods
Results are expressed as the mean Ϯ SEM of a variable number of experiments (defined in the Figure legends) . As the number of experiments was under 10 in some cases, non-parametric statistics were used for group comparisons. Friedman test was selected, taking as reference the control sample performed in the same day. A P Ͻ 0.05 was considered statistically significant.
RESULTS
Endothelial cells grown on Col I showed higher prepro-ET-1 mRNA expression than those in contact with Col IV (Fig. 1) . In Figure 1A , the Northern blot results of two different preparations can be observed, as well as the mean values of the Col I-induced changes in the mRNA steady state levels of prepro-ET-1. The increase was over twofold. The release of endothelin-1 to culture kind of matrix, as assessed by direct observation and protein measurements (Col IV 187 Ϯ 17, Col I 199 Ϯ 21 g/well). For control purposes, gelatin-grown cells also were studied. As shown in the Figure 1 , the preprotested at several levels. First, the possible role played by the interaction of Col I with specific membrane proteins ET-1 mRNA expression and ET-1 synthesis were comparable in Col I and gelatin cells, with similar degrees of of the integrin family was tested with Asp-Gly-Gly-ArgTyr-Tyr (D6Y), an oligopeptide that blocks the Col cell confluence (Col I 190 Ϯ 15 g/well; gelatin 192 Ϯ 11 g/well).
I-dependent effects in some cell types [28] ; the results are in Figure 3 . Incubation with increasing concentrations of The relative contributions of an increased gene transcription or a stabilization of the mRNA to the Col D6Y progressively inhibited the increased prepro-ET-1 mRNA expression elicited by Col I (Fig. 3A) . According I-dependent effects was tested, and the results are in Figure 2 . Actinomycin D (Act D), an RNA synthesis to this finding, the increase in the ET-1 production induced by Col I also was blocked by the incubation with inhibitor, completely blunted the prepro-ET-1 mRNA differences observed between both collagens ( Fig. 2A) . D6Y (Fig. 3 B, C) . In both cases, a complete inhibition was observed from 50 mol/L D6Y. Lower doses of In fact, no changes in the prepro-ET-1 mRNA stability were detected in the two matrices tested (Fig. 2B) .
D6Y did not modify cell adherence, but a slight cell detachment was observed with 100 mol/L D6Y (proThe mechanisms involved in the effects of Col I were Col I on the ET-1 system (Fig. 4) . The anti-␣3 antibody effects on ET-1 synthesis with D6Y, used as described. Results are was the most powerful inhibitor of the stimulatory signal tion. Third, the importance of tyrosine kinase activation was analyzed with two pharmacological antagonists of the system: genistein and herbimycin. These tyrosine kinase inhibitors completely prevented the stimulatory the culture media increased in cells seeded on Col I, when compared with cells on Col IV. Moreover, the effect of Col I on the prepro-ET-1 expression as well as results suggest that these differences were not the conseon the ET-1 production (Fig. 5) .
quence of changes in prepro-ET-1 mRNA stability, and they point to the possibility that different ECM proteins DISCUSSION could differentially modulate the expression of this Our results highlight the importance of an abnormal mRNA. By comparing the two cultures, no significant ECM protein to modulate the pattern of synthesis of morphological differences were detected by direct cell vasoactive factors by cultured endothelial cells. Both the observation, the protein content was comparable, and no significant cell toxicity was apparent. The control of prepro-ET-1 mRNA expression and the ET-1 release to cell confluence was especially important, as it has been demonstrated that the mRNA stability of endothelial nitric oxide synthase (eNOS) may be modified by this parameter [29] . Consequently, it seems that the different nature of the culture substrate was responsible for the differences observed.
Significant quantitative differences were observed when considering the Col I-dependent changes in prepro-ET-1 mRNA expression (about twofold) and ET-1 protein synthesis (about 25%). The present experimental design did not extensively evaluate the mechanisms responsible for this difference, but various possibilities could be proposed. For instance, the synthesis of ET-1 collagen types was tested by two means. First, a peptide capable of blocking the integrin-mediated Col I-dependent cellular effects but not cell adhesion, D6Y [28] , was used. As shown in the Results section, this peptide comwas the same in every case, the interpretation of these pletely abolished the changes in ET-1 elicited by Col I.
quantitative differences must be performed cautiously, Second, different specific antibodies were used. Again, as no controls of the antibody blocking activity or the the Col I-dependent stimulation on ET-1 synthesis was integrin cell surface expression were performed. Neverblocked but differences were detected with respect to theless, the results suggest that the ␣ 3 ␤ 1 integrin could the intensity of the blockade. Anti-␣ 3 antibody was the play a significant role in the Col I-dependent increased most powerful inhibitor of the effects of collagen I, fol-ET-1 synthesis. lowed by anti-␣ 2 and anti-␤ 1 antibodies, and finally
The D6Y and the antibody experiments provide additional information. They stress the specific nature of the anti-␣ 1 antibody. Although the antibody concentration
